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Abstract. Tailings flows result from the breach of tailings
dams. Large-scale tailings flows can travel over substan-
tial distances with high velocities and cause significant loss
of life, environmental damage, and economic costs. Runout
modelling and inundation mapping are critical components
of risk assessment for tailings dams. In an attempt to develop
consistency in reporting tailings data, we established a new
tailings-flow runout classification system. Our data analysis
applies to the zone corresponding to the extent of the main
solid tailings deposit, which is characterized by visible or
field-confirmed sedimentation, above typical surface water
levels if extending into downstream water bodies. We intro-
duced a new database of 33 tailings dam breaches by inde-
pendently estimating the planimetric inundation area for each
event using remote sensing data. This paper examines the ap-
plicability of a semi-physical area—volume relationship us-
ing the new database. Our results indicate that the equation
A =cV?3, which has been used previously to characterize
the mobility of other types of mass movements, is a statisti-
cally justifiable choice for the relationship between total re-
leased volume and planimetric inundation area. Our analy-
sis suggests that, for a given volume, tailings flows are, on
average, less mobile than lahars but more mobile than non-
volcanic debris flows, rock avalanches, and waste dump fail-
ures.

1 Introduction

Tailings dams are a critical piece of mining infrastructure
(Blight, 2009). These dams retain mine tailings, a waste
product of the mineral processing operations that includes
finely ground rock and process water. Some of these wastes
may be classified as hazardous material (Vick, 1990). When
a tailings dam breach occurs, a destructive flow of mine tail-
ings can develop (e.g. Macias et al., 2015). These flows may
travel over substantial distances and impact large areas (Rico
et al., 2008a). The ability to understand and predict the mo-
tion of flowing tailings is a crucial step in protecting people,
infrastructure, and the environment from these events.

More than 350 tailings dam breaches have been recorded
worldwide since the early twentieth century (Chambers and
Bowker, 2019; International Commission on Large Dams
(ICOLD, UNEP), 2001; Rico et al., 2008a; Santamarina et
al., 2019; WISE, 2020) (Fig. 1). The records indicate that
approximately one-third of these events led to loss of life
and/or the release of more than 100 000 m? of tailings and/or
water (Chambers and Bowker, 2019). For example, the fluo-
rite tailings dam at Stava, Italy, failed in 1985 and released a
total volume of 185000 m> of muddy debris. As a result, the
Stava and Tesero villages were destroyed and 243 people lost
their lives (Chandler and Tosatti, 1995; Luino and De Graff,
2012; Pirulli et al., 2017; WISE, 2020). The 2014 Mount
Polley tailings dam failure in British Columbia, Canada, re-
sulted in the release of about 25 million cubic metres of water
and tailings into Polley Lake, Hazeltine Creek, and Quesnel
Lake. The tailings inundation area was estimated to be ap-
proximately 2.4 million square meters (Cuervo et al., 2017;
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Figure 1. Decadal frequency and cumulative frequency of tail-
ings dam breaches worldwide (n =355) between 1930 and 2019.
Sources: Chambers and Bowker (2019), ICOLD, UNEP (2001), and
WISE (2020).

Miller and Zapf-Gilje, 2016). The 2015 Fundao tailings dam
failure in Brazil resulted in the release of about 35 million
cubic metres of tailings materials. This event killed 19 peo-
ple and caused long-lasting environmental damage to several
water channels in the basin of the Doce River (Carmo et al.,
2017; Hatje et al., 2017; WISE, 2020). More recently, an-
other disastrous tailings dam breach occurred at the Feijao
mine near Brumadinho, Brazil, on 25 January 2019. Almost
12 million cubic metres of tailings left the impoundment and
the resulting tailings flow travelled for almost 9 km and in-
undated an area of approximately 3.0 million square meters
before reaching the river Paraopeba (WISE, 2020); 259 peo-
ple were reported killed, and 11 were reported missing as a
result of this failure (WISE, 2020). All of these events also
resulted in substantial financial losses for the mine operators
and investors.

Tailings dam breach runout analysis studies the behaviour
of tailings flows. The term “tailings flow” refers to vari-
ous forms of tailings outflow movement resulting from the
breach of a tailings dam. This may include a partial or a to-
tal release of the stored tailings and associated water (Blight,
2009; Rico et al., 2008a, b; Villavicencio et al., 2014). Tail-
ings flows exhibit different characteristics depending on var-
ious factors, including sediment concentration, the presence
of surface water, embankment configuration, failure mech-
anism, liquefaction potential, and downstream topography
(Martin et al., 2019; Small et al., 2017). Tailings flows can
take various forms, ranging from a massive debris flood con-
sisting of water and sediment to a flowslide (Hungr et al.,
2014). These flows can travel long distances at extremely
rapid velocities (>5ms~!) (Blight, 1997; Blight et al., 1981;
Harder and Stewart, 1996; Jeyapalan et al., 1983a, b; Kossoff
et al., 2014; Macias et al., 2015; Rico et al., 2008a). Runout
modelling and inundation mapping of tailings dam breaches
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are essential steps for estimating the potential consequences
of a tailings dam failure, determining appropriately stringent
design criteria and developing emergency response and pre-
paredness plans (Canadian Dam Association (CDA), 2014;
Knight Piésold Ltd., 2014; Martin et al., 2015, 2019; Mc-
Dougall, 2017). In recent years, there has been an increase
in the study of the consequences of tailings dam breaches
following several major disasters worldwide (Roche et al.,
2017; Santamarina et al., 2019; Schoenberger, 2016). How-
ever, much uncertainty still exists in this field. The num-
ber of available empirical—statistical runout models is lim-
ited (Sect. 2). Most of the commonly used numerical models
were developed primarily for either clear water flood analy-
sis (Brunner, 2016; Danish Hydraulic Institute (DHI), 2007,
Martin et al., 2019) or the analysis of flow-like landslides
(McDougall, 2017; McDougall and Hungr, 2004; Pastor et
al., 2002; Pirulli et al., 2017) and do not necessarily account
for the compositional variety of tailings and its potential in-
fluence on the downstream flow behaviour (Dibike et al.,
2018; Macias et al., 2015; Pirulli et al., 2017). Due to these
limitations, hazard maps delimiting potential inundation ar-
eas based on current techniques may not reliably characterize
the extent and intensity (e.g. flow depth and velocity) of pos-
sible tailings dam breach scenarios.

The purpose of this paper is to (i) introduce a runout
zone classification method in an attempt to develop consis-
tency in reporting runout distances and inundation areas of
tailings flows, (ii) introduce a new database of 33 tailings
dam breaches where released volume was reported and the
planimetric inundation areas were quantitatively measured
for all of the events, (iii) examine the applicability of a semi-
physical area—volume relationship for tailings-flow cases to
help characterize the mobility and potential impacts of these
types of failures, and (iv) investigate the effects of additional
attributes of the tailings and downstream topography, such
as tailings mine types and confinement of travel path, which
could potentially be used to refine these empirical—statistical
relationships. The present work builds on previous work de-
scribed in Ghahramani et al. (2019).

2 Previous empirical studies
2.1 Empirical runout studies for tailings dam breaches

Empirical runout analysis of tailings dam breaches is a rela-
tively new research topic. Rico et al. (2008a) proposed a set
of empirical correlations that relates tailings-flow character-
istics (e.g. released volume and runout distance) to the geo-
metric characteristics of tailings dams (e.g. dam height and
total impoundment volume). A database of 28 tailings dam
breaches (from 1965 to 2000) containing information on re-
leased volume and runout distance was used in their study
(Rico et al., 2008a).
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Rico et al. (2008a) found positive correlations between
(i) the total volume of the tailings in the impoundment at the
time of failure and the released tailings volume and (ii) the
released tailings volume and the tailings runout distance. The
released tailings volumes in their work were extracted from
existing databases and publications with no information on
the distinction between the volume of released solid tailings,
interstitial (pore) water, and surface (free) water. A parameter
referred to as the “dam factor” (the product of the dam height
and released tailings volume, H x Vg) was used to improve
the correlations in their study. This parameter was originally
developed by Hagen and the Committee on the Safety of Ex-
isting Dams for the peak discharge estimation of water dam
breaks (Committee on the Safety of Existing Dams, 1983;
Costa, 1985; Hagen, 1982). The related equations by Rico et
al. (2008a) are provided in Table 1.

The Tailings Dam Breach Working Group (WG) of the
Canadian Dam Association (CDA) Mining Dam Committee
compiled a tailings dam breach database that includes the
28 cases presented by Rico et al. (2008a), plus 51 additional
cases (Small et al., 2017). Their study discussed the limited
information provided in the Rico et al. (2008a) database and
listed additional factors that could influence the behaviour of
tailings flows. The WG proposed a four-element classifica-
tion matrix based on two main factors: (i) the presence of free
standing water in close proximity to the breach and (ii) tail-
ings liquefaction potential. The empirical relationships of
Rico et al. (2008a) were re-examined based on the proposed
classification (Small et al., 2017).

Larrauri and Lall (2018) updated the database presented
in Rico et al. (2008a) and reexamined their empirical corre-
lations. They introduced a new predictor, called Hy, which is
defined as H x (Vr/Vr) x Vg, where Vr is the total volume of
the tailings impoundment and VF is the total released volume.
Using the updated database, they concluded that the relation-
ship between Hr and runout distance has a stronger correla-
tion (R2 =0.53, Table 1) than the relationship between dam
factor and runout distance (R? =0.44) (Larrauri and Lall,
2018). However, arguably both correlations are fairly weak,
and the physical basis of the Hf factor was not discussed in
their study. Rico et al. (2008a) and Larrauri and Lall (2018)
both noted that uncertainties in their databases suggest that
the results need to be treated with caution.

2.2 Empirical runout relationships — area and volume

Several authors have investigated the relationship between
inundation or deposit area (A) and flow volume (V) for dif-
ferent types of flow-type landslides (e.g. Berti and Simoni,
2007; Davies, 1982; Delaney and Evans, 2014; Golder Asso-
ciates Ltd., 1995; Griswold and Iverson, 2008; Hungr, 1981;
Hungr and Evans, 1993; Iverson et al., 1998; Li, 1983; Si-
moni et al., 2011) (Table 2). Li (1983) presented an empir-
ical relationship between rock avalanche deposit area and
volume for 76 major European rock avalanches. The deposit

https://doi.org/10.5194/nhess-20-3425-2020

3427

area and volume were logarithmically transformed to apply
a linear least-squares regression analysis (Li, 1983). Hungr
and Evans (1993) applied a similar methodology to a differ-
ent dataset of rock avalanches. However, they made an as-
sumption that the deposits at various scales retain a similar
geometry, which resulted in the following scaling relation for
the area—volume relationship:

A=cV3, ey

where A is the inundation area, V is the total flow vol-
ume, and c is a constant related to flow mobility (Hungr and
Evans, 1993) (i.e. for a given event volume, a higher mo-
bility flow results in a higher planimetric inundation area).
Golder Associates Ltd. (1995) derived an area—volume rela-
tionship for mine waste dump failures using a database of 22
cases. Iverson et al. (1998) presented similar area—volume
relationships as in Hungr and Evans (1993) for lahars (Ta-
ble 2). Statistical analysis of a dataset containing 27 lahars
was used to calibrate and test the validity of those equations
(Iverson et al., 1998). Berti and Simoni (2007) and Gris-
wold and Iverson (2008) extended the same methodology
to non-volcanic debris flows. Griswold and Iverson (2008)
also substantially expanded the database of rock avalanches
and found a slightly different correlation than Hungr and
Evans (1993) (Table 2).

3 Methodology
3.1 Dataset compilation

Tailings dam breaches have been recorded since the begin-
ning of the twentieth century (Chambers and Bowker, 2019;
ICOLD, UNEP, 2001). Several compilations and summaries
of the characteristics of significant tailings dam breaches
can be found in the literature (Chambers and Bowker, 2019;
ICOLD, UNEP, 2001; Small et al., 2017; WISE, 2020).
These summaries contain key information about the events,
such as dates, causes and triggers of failure, dam heights and
construction methods, and the volumes of released and im-
pounded tailings. However, most of the records lack consis-
tency in the reported data related to runout, including infor-
mation related to factors that may better characterize tailings
flows, due to the lack of a systematic methodology in report-
ing. In the present study, we first compiled available infor-
mation for 71 tailings dam breaches and then assessed the
runout characteristics of each case individually. Data sources
included existing literature on individual tailings dam breach
events, existing databases, and remote sensing data obtained
from satellite images or aerial photos.

We classified the inundation areas into two zones (Fig. 2).
Zone 1 is the primary impact zone, defined as the extent of
the main solid tailings deposit, which is characterized by re-
motely visible or field-confirmed sedimentation, above typ-
ical bankfull elevations if extending into downstream river
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Table 1. Empirical relationships proposed by others for the runout analysis of tailings dam breaches.

Tailings-flow runout analysis

Input parameter Output parameter Equation R%Z  References
Impoundment volume (V1)  Total released volume VE =0.354 V%'Ol 0.86 Rico et al. (2008a)
Total released volume (VF)  Maximum runout distance ~ Dpax = 14.45 y.0-76 0.56 Rico et al. (2008a)

Dam height (H) Maximum runout distance ~ Dmax = 0.05 H 41 0.16 Rico et al. (2008a)

Dam factor (H V) Maximum runout distance ~ Dmax = 1.61 (HVE)?%0  0.57  Rico et al. (2008a)
Impoundment volume (V)  Total released volume Ve =0.332 V293 0.89*  Larrauri and Lall, 2018)
Hy(H (Vg /VT) Vi) Maximum runout distance ~ Dpax = 3.04 H3% 0.53*  Larrauri and Lall (2018)

* These values were calculated using a different database from Rico et et al. (2008a). In all the relationships, V1 and Vg are in millions of cubic metres, H is in

metres, and Dpax is in kilometres.

Table 2. Selected empirical relationships between volume and inundation area proposed by others for various landslide types.

Database type Equation n R? ¢ Coefficient ~ References
in Eq. (1)
Rock avalanches A=76V%37 76 0.78 —  Li(1983)
Rock avalanches A =12 v?2/3 40 - 12 Hungr and Evans (1993)b
Lahars A=200V23 27 090 200 Iverson et al. (1998)P
Debris flows A=20V2/3 44 091 20  Griswold and Iverson (2008)P
Debris flows A=18V23 115 18  Simoni et al. (2011)P
Rock avalanches A =20VZ2/3 142 0.79 20  Griswold and Iverson (2008)°

2 The original equation from Li (1983) is presented in power-law format to facilitate comparison. b Aand V are planimetric area
and flow volume, respectively (A is in square metres and V is in cubic metres).

channels. Zone 2 is the secondary impact zone, defined as
the area downstream of Zone 1 that is further impacted by
the tailings flow in some form. Secondary impacts may in-
clude flood or displacement wave impacts (i.e. fluid impacts
above typical downstream water levels) and sediment plume
impacts (i.e. below typical downstream water levels).

Figure 3 shows a flowchart that summarizes our data
compilation methodology, including the screening of data
sources, the impact zone classification, the delineation of
Zone 1, and the estimation of uncertainty due to image res-
olution. The extent of Zone 2 is typically more challenging
to estimate than the extent of Zone 1, due to the variability
of downstream flow mixing conditions, the relatively tran-
sient nature of secondary impacts, and the inherent limita-
tions (e.g. image resolution) of the remote detection methods
used. The focus of this study was therefore on Zone 1.

Applying our methodology to the preliminary database
comprising 71 tailings dam breaches resulted in 33 cases for
which we were able to obtain satisfactory imagery and inde-
pendently estimate runout distance and planimetric inunda-
tion area (Table 3). Figures 4 and 5 illustrate two examples
of delineating the extent of Zones 1 and 2 for the tailings
dam breaches at the Feijao mine near Brumadinho, Brazil,
2019, and the Cieneguita mine in Mexico, 2018, respectively.
The primary impact zone for Feijao (red dashed polygon in
Fig. 4) was established through a detailed comparison of pre-
event and post-event PlanetScope (3 m) imagery. After enter-
ing the Paraopeba River, the Feijao tailings flow exhibited no
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visible sedimentation above the bankfull level (blue dashed
line in Fig. 4) and the channel width stayed the same. How-
ever, we observed changes in water colour for over 100 km
downriver, which we interpret to represent the secondary im-
pact zone (Zone 2). A similar methodology was applied for
the Cieneguita mine tailings dam breach on 4 June 2018 in
Mexico, for which the runout distance was reported to be be-
tween 26 and 29 km (Chambers and Bowker, 2019; WISE,
2020). Based on our methodology, the transition between
Zone 1 and Zone 2 occurs where the extent of the tailings
deposits significantly decreased. Normalized difference veg-
etation index (NDVI) change detection analysis (Fig. 5 inset
a) was used to help identify the tailings deposits. The esti-
mated Zone 1 runout distance was approximately 15 km.

Compared with the hundreds of tailings dam breach cases
listed in previous databases (Chambers and Bowker, 2019;
ICOLD, UNEP, 2001; Rico et al., 2008a; Small et al., 2017),
the relatively limited number of cases (33) in our new
database reflects the limited availability of suitable imagery,
especially for older cases that predate satellite imagery. We
used a simple approach to quantitatively estimate the uncer-
tainty due to limitations in image resolution in our area mea-
surements based on the pixel sizes of the images. The max-
imum percentage uncertainty due to image resolution was
considered to be equal to the ratio of the total area of the pix-
els intersected by the perimeter of Zone 1 to the inundation
area multiplied by 100. Our database contains information
on the percentage uncertainty of each case (Table 3).

https://doi.org/10.5194/nhess-20-3425-2020
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Figure 2. An idealized representation of a tailings dam breach
showing the two runout limit classifications. Zone 1 represents the
primary impact zone, defined as the extent of the main solid tail-
ings deposit, which is characterized by remotely visible or field-
confirmed sedimentation, above typical water levels if extending
into downstream streams. Zone 2 is the secondary impact zone, de-
fined as the area downstream of Zone 1 that is still impacted by the
tailings flow in some form and includes the distal limit of the flow.

Additional key attributes are included in our database (Ta-
ble 3). We classified our cases using the four-element classifi-
cation matrix in Small et al. (2017), described above. We also
used the following two categories proposed by Golder Asso-
ciates Ltd. (1995) to classify the confinement of the travel
path: (i) confined, in which the flow path is constrained by
relatively steep side slopes of a gully or valley, and (ii) un-
confined, in which the flow path is on an open slope or rel-
atively flat surface and the topography permits spreading of
the tailings flow from an early stage. Similarly, to classify
the tailings mine type, we used the following two categories
introduced by Small et al. (2017): (i) hard-rock mine tail-
ings, which includes lead—zinc, copper, gold—silver, molyb-
denum, nickel from sulfide deposits, and uranium, and (ii)
soft-rock mine tailings, which includes coal, potash, fluorite,
gypsum, and aluminum (Bussiére, 2007; Small et al., 2017;
Vick, 1990).

The dam height and total released volume data were col-
lected from existing databases and publications. We also in-
cluded information on the volume of free water released, if
available. However, for the empirical analysis, only the total
reported released tailings volume was considered. We note
that there is limited information available on how the re-
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ported released volumes within the existing databases were
obtained (including the distinction between the volume of re-
leased solid tailings, interstitial water, and surface water).

3.2 Statistical analysis
3.2.1 Volume dependency of Zone 1 inundation area

In this study, the scaling relationship adopted in previous
studies (Davies, 1982; Golder Associates Ltd., 1995; Gris-
wold and Iverson, 2008; Hungr and Evans, 1993; Iverson
et al., 1998; Li, 1983) was applied to the new tailings-flow
database. The analysis relates the estimated Zone 1 inunda-
tion area (dependent variable) to the reported total released
volume (independent variable) in Table 3. A simplifying as-
sumption was made that the released volume approximately
matches the volume deposited downstream in Zone 1 (i.e. the
potential contribution of entrainment and erosion to the total
volume of the deposited material was not considered).

We used our tailings dam breach database (n =33) to fit
a regression model and examine the applicability of Eq. (1)
for tailings flows. We transformed the data into a log-log
scale and applied the standard least-squares linear regression
method. A linear regression model was fit to the data using a
specified two-thirds slope and was compared to the standard
least-squares linear regression. The uncertainty in the tailings
release volume estimates is not considered for this analysis.

3.2.2 Effect of other factors on Zone 1 inundation area

Exploratory analyses were completed to investigate the ef-
fects of qualitative factors, such as the tailings mine type and
travel path topographic confinement, on the area—volume re-
lationship. This analysis was achieved by creating box plots
of the regression residuals and colour-coding the data points
in the area—volume plot to visually assess whether there were
trends that could potentially be incorporated into the regres-
sion analysis to reduce the uncertainty.

4 Results

Figure 6 shows the log-linear regression line for Zone 1 in-
undation area as a function of total released volume with the
95 % confidence interval of the best-fit regression line. Please
note that the 95 % confidence intervals account for the uncer-
tainty of the regression line and not the individual observa-
tions. The regression with a specified two-thirds slope (i.e.
based on Eq. 1) plots within the 95 % confidence interval
of the best-fit regression, supporting the hypothesis that this
scaling relationship is valid for the tailings breach data. Ta-
ble 4 compares the output from the regression analysis for the
best-fit and the specified two-thirds slope regression models.
The following regression equation was obtained in power-
law form for the specified two-thirds slope regression model:

A=380Vg"?, )
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Table 3. Database of 33 tailings dam breaches (tailings flows) containing independently estimated measurements of Zone 1 runout distance
and planimetric inundation area.

ID  Event Location Latitude Longitude  Date 4Confined/unconfined  ?Type of tailings *WG classification
1 Bellavista Chile 32.69°S 70.8°W 3/28/1965 Unconfined Hard 1A
2 Cerro Negro Chile 32.58°S  70.88°W  3/28/1965  Unconfined Hard 1A
3 El Cobre (New & Old Dams)  Chile 32.65°S 71.14°W 3/28/1965 Confined Hard 1A
4 Los Maquis Chile 32.463°S  71.08°W 3/28/1965 Confined Hard 1A
5 Sgorigrad Bulgaria 43.16°N 23.51°E 5/1/1966 Confined Hard 1A
6 Certej Romania 4596°N  2298°E 10/30/1971  Confined Hard 1A
7 Bafokeng South Africa  25.52° S 27.20°E 11/11/1974  Confined Hard 1A
8 Stava Ttaly 46.32°N  11.50°E 7/19/1985 Confined Soft 1A
9 Stancil USA 39.57°N  76.03°W 8/25/1989 Unconfined Hard 1B
10 Tapo Canyon USA 3433°N  118.72°W  1/17/1994 Confined Hard 2A
11 Merriespruit (Harmony) South Africa  28.13° S 26.85°E 2/22/1994 Unconfined Hard 1A
12 Pinto Valley USA 3341°N  110.96°W  10/22/1997  Confined Hard 2A
13 Los Frailes/Aznalcollar Spain 37.52°N  6.23°W 4/24/1998 Unconfined Hard 1A
14 Comurhex, Cogéma/Areva France 4321°N  298°E 3/20/2004 Unconfined Hard 1A/1B
15  Mineracao (Rio Pomba) Brazil 21.22°S 42.68°W 1/10/2007 Confined Soft 1A/1B
16  Xiangfen China 35.88°N  111.58°E  9/8/2008 Unconfined Hard 1A/1B
17 Kingston fossil plant USA 35.9°N 84.52°W 12/22/2008  Unconfined Soft 2A
18  Karamken Russia 60.24°N  151.06°E  8/29/2009  Confined Hard 1A
19  Las Palmas Chile 35.18°S 71.76°W 2/27/2010 Unconfined Hard 2A
20 Ajka Hungary 47.09°N  17.50°E 10/4/2010 Confined Soft 1A
21  Kayakari Japan 38.81°N 141.53°E  3/11/2011 Confined Hard 2A
22 Gullbridge Canada 49.2°N 56.17°W 12/17/2012  Unconfined Hard 1B
23 Obed Mountain Canada 53.57°N  117.52°W  10/31/2013  Confined Soft 1B
24 Mount Polley Canada 52.51°N 121.6°W 8/4/2014 Confined Hard 1B
25  Funddo Brazil 20.21°S 4347° W 11/5/2015 Confined Hard 2A
26 Luoyang China 3477°N 112.06°E  8/8/2016 Confined Soft 2A
27  Tonglvshan China 30.08°N  114.95°E  3/12/2017 Unconfined Hard 2A/2B
28  Mishor Rotem Israel 31.06°N  3521°E 6/30/2017 Confined Soft 1B
29  Jharsuguda (Vedanta) India 21.78°N 84.08°E 8/28/2017 Unconfined Soft 2A/2B
30 Cieneguita Mexico 27.12°N  108.03°W  6/4/2018 Confined Hard Unknown
31 Cadia Australia 33.5°S 148.99°E  3/9/2018 Unconfined Hard 2A
32 Feijao Brazil 20.12°S  44.12°W 1/25/2019 Confined Hard 2A
33 Cobriza Peru 12.58°S 74.37° W 7/10/2019 Confined Hard Unknown
ID bTailings bTotal free bTotal  Zone 1 — tailings  Zone 1 —inundation ~ Uncertainty
released volume water released released volume runout distance area level
(millions of cubic metres)  (millions of cubic metres)  (millions of cubic metres) (m) (mz) %
1 0.055 1300 130000 4
2 0.07 3200 1300000 1
3 0.36 2.04 2.4 11200 5900 000 1
4 0.021 1500 47000 12
5 0.22 6000 400000 5
6 0.3 2300 380000 3
7 3 22000 9000000 17
8 0.17 0.02 0.19 4200 500 000 18
9 0.038 - 0.038 100 7 000 5
10 0.055 730 30000 18
11 0.51 0.09 0.6 2200 900000 19
12 0.23 - 0.23 830 80000 3
13 1.5 5.5 7 29000 16 000 000 11
14 0.03 700 70000 2
15 2 40000 8000000 38
16 0.19 2300 400000 7
17 4.1 1400 800000 7
18 12 1 22 2900 520000 7
19 0.1 - 0.1 550 80000 3
20 1.6 17 800 6000 000 1
21 0.041 - 0.041 2000 150000 3
22 0.1 0.0005 0.1005 500 44000 1
23 0.67 5100 1000000 6
24 73 17.1 25.6 9000 2000 000 6
25 33 99 000 21000000 3
26 2 - 2 2500 300000 6
27 0.5 500 300000 5
28 0.1 28 000 2000 000 18
29 2.6 640 500000 3
30 0.44 15000 500000 17
31 1.33 - 133 480 120000 5
32 9.65 - 9.65 9000 2700 000 3
33 0.07 450 70000 16

2 The procedures used to classify the cases based on path confinement and tailings type and WG classification matrix can be found in Sect. 3.1. b Information on released volumes was
collected from other databases (tailings released volume is the released volume of solids and interstitial water; free water released volume is the released volume of surface water).
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Figure 3. Schematic representation of the methodology applied to obtain data for tailings-flows inundation area.

where Vg (m?) is the total released volume and A (m?) is the
planimetric inundation area.

The residuals (i.e. observed inundation area minus pre-
dicted inundation area) of the regression line with a spec-
ified two-thirds slope were analyzed to investigate whether
the variation could be explained through qualitative descrip-
tions of the tailings type or confinement of the tailings runout
path. This analysis was completed by plotting the distribution
of the regression residuals as a box plot, where the lowest bar
is the minimum of the residual distribution, the lower box
represents the first quartile to the median residual, the upper
box is from the median to the third quartile, and the upper
bar is the maximum of the residual distribution. If the distri-
butions show stratification (e.g. one distribution has all four
quartiles that are lower than the quartiles for a second predic-
tor), it is an indication that there is a consistent difference in
behaviour based on the descriptive predictors.

Figure 7a shows that, for a given volume, the inundation
area for unconfined flow paths tends to be smaller than that
for confined flow paths. Similarly, Fig. 7b shows that, for a

https://doi.org/10.5194/nhess-20-3425-2020

given volume, the inundation area for hard-rock mine tail-
ings tends to be smaller than that for soft-rock mine tailings.
While these differences in the mean or median values can
also be observed in the respective box plots, the regression
residuals are not strongly stratified overall. These qualitative
factors were used as indicator variables to fit new regression
models, but the associations were found to be too weak for
application.

5 Discussion

The results listed in Table 4 indicate that Eq. (1) is a statis-
tically justifiable expression for the relationship between to-
tal released volume and planimetric Zone 1 inundation area,
with coefficients of determination of 0.65 and 0.64 for the
best-fit and the two-thirds slope regressions, respectively.
Furthermore, the specified two-thirds slope line falls within
the 95 % confidence interval curves for the best-fit regres-
sion, suggesting that the scaling relationship adopted by pre-

Nat. Hazards Earth Syst. Sci., 20, 3425-3438, 2020
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Figure 4. Aerial view of the tailings dam breach at the Feijao mine near Brumadinho, Brazil, 25 January 2019. Zone 1 is shown in the red
dashed polygon. The portion of Zone 2 that is visible in this image is shown in the blue dashed polygon. Image courtesy of Planet Labs, Inc.
(29 January 2019).

Figure 5. Aerial views of the tailings dam breach at the Cieneguita mine in Mexico, 4 June 2018. The NDVI differencing change detection
technique was used to help delineate Zones 1 and 2 inundation areas (a). Zones 1 and 2 are shown in the red and blue dashed polygons,
respectively (b). The inset image (c) shows the transition between Zones 1 and 2 (red dot). Image courtesy of Planet Labs, Inc. (12 June 2018).
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Table 4. Statistical results of the regression analysis for the best-fit and specified two-thirds slope models. n/a stands for not applicable.

Parameter Best-fit regression  Specified two-thirds slope
Slope («) 0.73 0.67
Intercept of line at log V = 0 (Log(B)) 1.52 1.90
B 33 80
Number of data, n 33 33
Standard error of model, o 0.56 0.55
Standard error of volume coefficient 0.11 n/a
Standard error of intercept 0.65 0.10
Coefficient of determination, 2 0.58 0.57

The power-law form of the equation: A = (8)V¥. The linear form of the equation in log-log scale: Log(A) = « Log(V)

+ Log(B). For o = 2/3, B = ¢ coefficient in Eq. (1).
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—— Specified 2/3 Slope
. — Best-fit regression
95 % confidence interval
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|
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Total Released Volume (ma)

Figure 6. Log-log scatter plot of planimetric Zone 1 inundation area
versus total released volume for 33 tailings-flow cases (Table 3).
The specified two-thirds slope regression line (in red) is fitted to
the data. The best-fit regression line (in black) and the 95 % confi-
dence intervals (dashed lines) of the best-fit regression are plotted
for comparison.

vious studies to characterize the geometry of other types of
mass movements is also valid for tailings flows. An analysis
of the residuals from the regression grouped by tailings type
and flow path confinement indicates that these factors have
an effect on the mobility (i.e. the extent of planimetric inun-
dation area for a given volume) of tailings flows; soft-rock
mine tailings tend to have greater mobility than hard-rock
mine tailings, and confined flow paths tend to enhance mo-
bility relative to unconfined paths; however, the data are not
stratified enough to incorporate these factors into the regres-
sion analysis yet.

Figure 8 shows Zone 1 inundation area as a function of to-
tal released volume with the specified two-thirds regression
line and its 95 % prediction intervals, which account for the
uncertainty of the individual data points. The difference be-
tween the lower and upper 95 % prediction intervals reflects
the variability of tailings flows and the considerable uncer-
tainties in the prediction of inundation area using this ap-
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Figure 7. Colour-coded data points with respect to path confine-
ment (a) and tailings type (b). The solid black line is the specified
two-thirds regression line. The insets show the box plots of the area—
volume residuals for the bivariate regression line with a specified
two-thirds slope.
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Figure 8. Log-log scatter plot of planimetric Zone 1 inundation
area versus total released volume for the 33 tailings-flow cases. The
specified two-thirds slope regression line (in red) is fitted to the data,
and the 95 % prediction intervals (dashed lines) of this regression
line are also plotted.

proach. Nonetheless, the prediction range that is achievable
with this method is useful for first-order (screening level) risk
assessment purposes, ideally within a probabilistic frame-
work that acknowledges the level of uncertainty. This method
is also useful for cross-checking numerical dam breach mod-
elling results (i.e. to confirm that the simulated inundation
area falls within a reasonable range relative to the cases in-
cluded in this database). Note that, while the method is able
to provide independent estimates of inundation area, it must
be combined with other empirical and/or numerical meth-
ods that estimate cross-sectional area and runout distance
in order to determine an appropriate spatial distribution of
the estimated area, similar to the approaches that have been
used for other hazard types, such as Iverson et al. (1998) and
Mitchell et al. (2020). Further study is currently underway
to estimate the cross-sectional area for tailings flows and in-
corporate both volume—planimetric and cross-sectional area
relationships in a GIS-based empirical model (Innis et al.,
2020). Regardless of the approach used, significant profes-
sional judgement must be applied in interpreting the empiri-
cal results.

Figure 9 shows the area—volume scatter plot of tailings
flows alongside previously published data for lahars (Iver-
son et al., 1998), debris flows, rock avalanches (Griswold
and Iverson, 2008), and mine waste dumps (Golder Asso-
ciates Ltd., 1995). The tailings data points clearly show a
positive linear pattern along with the other data, although
the scatter is relatively high, especially at higher volumes.
The area—volume data for tailings flows show considerable
overlap with other databases, corresponding with the upper
volume range for debris flows and the lower volume ranges
for lahars and rock avalanches (Fig. 9). One of the possible
impacts of the assumption that the released volume approxi-
mately matches the volume deposited downstream in Zone 1
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Figure 9. Comparison of the runout inundation area as a function
of flow volume for tailings flows (red symbols; n = 33)), waste
dump failures (yellow symbols; n =22), lahars (green symbols;
n = 27), non-volcanic debris flows (pink symbols; n = 44), and rock
avalanches (blue symbols; n = 142). The black two-thirds slope line
is drawn as a guide for visual comparison only.

(Sect. 3.2.1) is the deposited volume may be underestimated
due to the entrainment of material along the flow path. This
simplification may lead to overestimating the y intercept of
the regressions.

The differences between the ¢ coefficient of Eq. (1) indi-
cate the relative mobility of the various mass movement pro-
cesses, on average (Berti and Simoni, 2007; Griswold and
Iverson, 2008; Jakob, 2005). A comparison of ¢ coefficients
for different types of mass movements is shown in Table 2.
The coefficient of ¢ =80 obtained for the tailings-flow data
indicates that, on average, tailings flows are less mobile than
lahars but more mobile than mine waste dumps, debris flows,
and rock avalanches for a given volume. There is a signifi-
cant amount of scatter in all of the datasets shown in Fig. 9,
which highlights the importance of considering the poten-
tial variability in these events for forward analysis (i.e. using
probabilistic methods).

Five tailings dam breaches exhibit higher inundation areas
than lahars for their given volumes (Fig. 9), and among those
cases, the tailings dam breaches at the Ajka bauxite mine in
Hungary in 2010 and the Mishor Rotem phosphate mine in
Israel in 2017 (ID numbers 20 and 28 in Table 3) were exam-
ined in greater detail to demonstrate how site-specific infor-
mation can be used to infer conditions that enhance mobility.

At the Ajka mine, a release of approximately 1.6 mil-
lion cubic metres of high-pH bauxite tailings, about 30 % of
which was solid residue, occurred through the northwest cor-
ner of the embankment (Banvolgyi, 2018; Mecsi, 2013). The
release produced a Zone 1 runout distance of approximately
18 km, despite the near-horizontal topography of the flow

https://doi.org/10.5194/nhess-20-3425-2020



N. Ghahramani et al.: Tailings-flow runout analysis

path (~ 0.2°), and covered approximately 6 million square
meters. The Ajka bauxite tailings had very weak geotech-
nical properties, with medium- to high-plasticity, thixotropic
(shear thinning) clays with very loose structure and slow con-
solidation rates, thus reducing pore fluid drainage and in-
creasing the potential for liquefied flows (Mecsi, 2013). In
addition to the volume of interstitial water, the bauxite tail-
ings were overlain by a large supernatant pond that deepened
towards the northwest corner of the impoundment; the av-
erage and maximum depths of the pond were 4.45 and 8 m,
respectively, which greatly exceeded the maximum permit-
ted pond depth of 1.5 m (Banvolgyi, 2018). We therefore
attribute this secondary source of water, along with the ob-
served thixotropic behaviour of bauxite tailings, to the aug-
mented mobility of the Ajka tailings flow.

The Mishor Rotem mine failure is estimated to have re-
leased approximately 0.1 million cubic metres of highly
acidic phosphogypsum tailings (Bowker, 2017). The ensuing
tailings flow travelled for 28 km through a dry creek chan-
nel with an average travel path angle of about 1.6° and in-
undated a Zone 1 area of approximately 1.8 km?. As of yet,
very limited information is available for this tailings flow,
but a few authors have commented on the dominant contri-
bution of high water content to the composition of phosph-
ogypsum tailings (80 %—97 %) compared to that of typical
metal tailings (40 %—60 %) (Bowker, 2017; Tao et al., 2010;
Wang et al., 2014). We, therefore, propose three factors that
contributed to the extreme runout behaviour (i.e. long runout
distance and large inundation area for the given total released
volume) of the Mishor Rotem tailings flow: (i) high water
content (interstitial and supernatant); (ii) a narrow, dry chan-
nel situated within a stable desert environment with no physi-
cal obstacles to flow; and (iii) a potential increase in the trans-
ported volume due to entrainment along the narrow channel.

Unlike natural hazards, tailings dams are human-made
structures with impoundment volumes that increase over the
course of mine operation. In most cases, when a dam breach
occurs, only a portion of the impounded material is released.
The amount of this portion depends on a variety of factors,
such as the presence of a water pond, the tailings rheolog-
ical properties, breach geometry, the age of the impounded
material, and the triggering factors (Rico et al., 2008a).

The maximum volume that can be released in an extreme
scenario equals the total impoundment volume. Compared
with some types of landslides, the source volume of a tail-
ings dam breach is relatively well-constrained. The uncer-
tainty associated with this input parameter can, therefore, be
accounted for explicitly when using Eq. (1) to make runout
predictions. However, we note that relatively high confidence
in the released volume estimate does not necessarily trans-
late into high confidence in the inundation area estimate. In-
formation on tailings type and topographic factors such as
confined or unconfined travel path can potentially be used to
better constrain the uncertainty in predicting the inundation
area as more data points are added.
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Further investigation should focus on increasing the size
of high-quality tailings-flow databases, which should lead to
more robust statistical analyses. Some effort should also fo-
cus on quantifying the potential contribution of entrainment
to the total volume of the deposited material.

6 Conclusions

Our empirical investigation of historical tailings dam
breaches provides new insights into tailings-flow processes
and characteristics and introduces new relationships that can
potentially be used for first-order inundation mapping. In this
study, we established a data compilation methodology and
introduced a runout zone classification system to improve
consistency and reduce uncertainties associated with previ-
ously reported data. Using this methodology, we compiled a
database of 33 tailings dam breach case studies and estimated
the planimetric Zone 1 inundation areas for all of the events.
The degree of mobility of the events in the database was
investigated using a well-established semi-physical area—
volume relationship, and the result was compared with sim-
ilar relationships established for other mass flow processes.
Our analysis suggests that the relationship A =cV?/3 is a
statistically valid relationship between total released volume
(VR) and planimetric inundation area (A). The ¢ coefficient
of 80 from the analysis of our database suggests that, on av-
erage, tailings flows are less mobile than lahars (¢ = 200) but
more mobile than mine waste dumps, debris flows (¢ = 17—
20), and rock avalanches (¢ = 12-20). This paper is part of
an ongoing project. We are currently building the database
and investigating the effects of other attributes of the tailings
and downstream topography, which could potentially be used
to refine the area—volume empirical—statistical relationship.
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